Comparative Biomechanics: The Jellyfish Paradox Resolved
Studying the mechanics of swirling water has solved a mystery about the evolution of body shape and size in jellyfish.
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A jellyfish is generally regarded as a stinging nuisance that is to be avoided at all costs on a day at the beach. Unless, of course, it has washed up on shore -where it is as threatening as the jello-mold that it resembles. Anyone who has prodded these flaccid remains with a stick may have wondered: ''how the heck does this thing swim?'' This question becomes more perplexing if one considers jellyfish anatomy. Their body is shaped like a thick-walled parachute that is known as the bell. The wall of the bell is filled with the extracellular 'jelly', enclosed by a tissue layer that includes muscle, but is only a single cell thick. As Charles Atlas demonstrated, the force generated by a muscle is proportional to its thickness. Therefore, the monolayer wrapping of the jellyfish bell makes them the 97-pound weaklings of the sea. Recent work by Dabiri et al. [1] suggests that these puny muscles have constrained the evolution of body shape and size in this diverse group of animals.
A partial answer to how a jellyfish swims is provided by a description of its motion. The bell rapidly pulses inward and simultaneously advances forward, then slows as the bell expands, and then the cycle repeats. A close inspection reveals that the pulsations of the bell squeeze the volume of water within its cavity. Water is effectively incompressible and therefore must be ejected through the bell opening when it contracts. Given that this squirting of water coincides with the body's forward motion, one may infer that the contractions are driving propulsion. This is greatly informative, but a description of movement does not allow us to consider how the weakling muscles of a jellyfish might limit their swimming ability.
A full understanding of swimming comes from studying its mechanics. The muscles need to generate enough force to expel the water from within the bell. The force of this jetting is equal to the mass of the water times its acceleration.
Therefore, a jellyfish may generate more thrust by jetting greater mass which, given the fixed density of water, is achieved by expelling a greater volume of water. In order to increase its acceleration, the jellyfish may squeeze the bell more rapidly or reduce the area through which it passes. The latter strategy makes use of the law of continuity, which is commonly understood as the thumb-over-the-garden-hose effect. Daniel [2] mathematically modeled these hydrodynamics in jellyfish and predicted jetting forces within the range of what may be generated by the muscles of small and prolate (bullet-shaped) species [3] .
However, this consideration of mechanics raises a paradox. Some jellyfish species have evolved to be larger while retaining a puny monolayer of muscles. Given that large species have muscles that are no thicker than those of little ones, muscular force should be merely proportional to bell diameter. This poses a problem because the jetting model predicts thrust to scale with diameter to the fourth power [4] . In other words, the mechanical demands of swimming far outpace what the muscles can produce at larger sizes. Dabiri et al. [1] predict that a jellyfish having a diameter that is two-thirds its height and that pulses once a second cannot generate enough force to be larger than about three centimeters, yet there are jellyfish species larger than 2 meters in diameter [5] ! Given the scaling of muscular and hydrodynamic forces, how is it possible for jellyfish to evolve to a size larger than a few centimeters?
Larger jellyfish have evolved in at least three ways that offset the mechanical demands of locomotion. First, they lower thrust by pulsing more slowly [6] . Second, they are more oblate (flatter) than their small relatives, which means that thrust is reduced by expelling less water from the bell. Lastly, larger species have disproportionately wide openings to the bell. With a lack of the thumb-over-the-garden-hose effect, the water from the bell is accelerated more slowly in these species. Even with these behavioral and anatomical modifications, however, the jetting model predicts that jellyfish should evolve to be no larger than 6 centimeters.
The paradox was resolved by experiments on the hydrodynamics of swimming in oblate jellyfish. In collaboration with Gharib, Dabiri et al. [1] examined the swirling patterns of dye around the bodies of swimming oblate jellyfish [7] . They discovered that each time one of these jellyfish pulses, it leaves behind a pair of donut-shaped swirls, or vortices. One of these vortices swirls in a direction that inhibits propulsion and the other contributes by swirling the other way. Most surprising was the discovery that these vortices were expelled close enough together in the wake that their swirling canceled each other while they simultaneously traveled away from the jellyfish. This canceling of vortices gives oblate jellyfish a means for generating thrust that the prolate species lack. This mechanism for thrust allows jellyfish to evolve to any size, provided the bell height is about one-quarter of the diameter.
Resolving the paradox of the jellyfish allows for an examination of the evolution of body shape. Incorporating thrust by both jetting and vortex cancellation into their model, Dabiri et al. [1] plotted bell shape (height/diameter) against diameter for 660 species of jellyfish and found that virtually all fell within the boundaries of their muscular limitations. Although impressing potential mates with thick muscles appears to be of little concern to these asexual (or free-spawning) creatures, their meager ability to generate force appears to have constrained the evolution of their body shape and size.
Large plasmids of some Bacillus species encode a distinct tubulin homolog, TubZ, implicated in maintenance of the host plasmid. A recent study has shown that TubZ polymers exhibit treadmilling behavior in vivo, suggesting that they are involved in mitotic activity.
William Margolin
It is now clear that bacteria harbor several families of tubulin and actin that have cytoskeletal functions [1, 2] . The bacterial actin family includes: MreB and MreB-like proteins, which polymerize into helical structures on the cytoplasmic membrane that direct cell-wall biosynthesis in rod-shape bacteria; FtsA, which acts with FtsZ in cell division; MamK, which organizes magnetosomes in magnetotactic bacteria; and plasmid-encoded actin homologs such as ParM and AlfA, which form mitotic spindle-like polymers required for partitioning of the host plasmids into daughter cells. There is also good evidence that MreB polymers are involved in partitioning of chromosomes. Therefore, diverse homologs of actin function in various organizational tasks in the bacterial cell, including mitotic-like partitioning of DNA.
Bacterial tubulins also come in several varieties. The best-studied version is FtsZ, which assembles into protofilaments that form an organized array at the division plane, called the Z ring, required for cytokinesis [3] . Another type of bacterial tubulin, present in some Verrucomicrobia, is a family of two and much more like tubulin than FtsZ; its gene was probably acquired from a eukaryote by horizontal transfer [4] . Archaea also contain a family of divergent tubulins, some of which are clearly homologs of FtsZ, and others that are FtsZ-like but distinct from both FtsZ and tubulin [5] . Other than the Verrucomicrobia, the only other bacteria that have tubulin homologs apart from FtsZ consist of a group of Bacillus species. These bacteria have a typical ftsZ gene on their chromosome for
